Many-body multipartitioning perturbation theory ͑MPPT͒ was applied to calculate the potential energy of 11 lowest electronic states of the NaRb molecule, A, 
D 1 ⌸ -B 1 ⌸ transition dipole moments,
I. INTRODUCTION
The heteronuclear alkali dimers are a permanent challenge to both experimental and theoretical researchers involved in collision dynamics, photoassociative spectra, lasercooled and trapped alkaline atoms due to their promising prospects for the formation of ultracold molecules ͓1͔. As far as the NaRb molecule is concerned, in spite of a number of experimental and theoretical studies carried out in the last two decades ͓2-9͔, the knowledge of its energy and radiative properties is still rather scarce. High accuracy experimental molecular constants and corresponding RKR potentials are available only for the ground X 1 ⌺ ϩ state and, to a certain extent, for the bound part of the a 3 ⌺ ϩ state correlating to the Na͑3s͒ ϩ Rb͑5s͒ atoms, as well as for the B 1 ⌸ state correlating to the Na͑3s͒ ϩ Rb͑5p͒ atoms due to systematic studies performed in the Katô group ͓2-5͔ by polarization spectroscopy and optical-optical double resonance methods. Molecular constants for the D 1 ⌸ state, which are responsible for the strong green D 1 ⌸ -X 1 ⌺ ϩ absorption band observed as early as 1928 by Walter and Barrat ͓10͔ , were only roughly estimated in ͓6͔ from the intensity distribution in the D 1 ⌸ -X 1 ⌺ ϩ laser-induced fluorescence ͑LIF͒. Potential energies for the ground and 27 lowest excited electronic states of NaRb have been recently calculated ͓7͔ by means of nonempirical pseudopotentials, parametrized l-dependent polarization potentials, and the full valence configurationinteraction ͑CI͒ method. It should be noted that the agreement between theoretical and available experimental spectroscopic constants is not always good enough, cf. for instance, the calculated value ͓7͔ e ϭ51. In our recent study on NaRb ͓9͔ the permanent electric dipole moments d were measured for a number of vЈ,JЈ levels of the B 1 ⌸ and D 1 ⌸ states by combining the dc Stark-effect-induced eϪ f mixing for a particular rovibronic level with the direct determination of its ⌳-splitting energy ⌬ e, f by means of the electric radio-frequency-optical double resonance ͑RF-ODR͒ method. The measured d values were in good agreement with the concomitant ab initio calculations performed in ͓9͔ by the multipartitioning perturbation theory ͑MPPT͒ developed in ͓11,12͔. The MPPT method has been previously approved as an excellent tool to calculate permanent electric dipoles ͓13͔ and transition dipole moments ͓14͔ in the NaK molecule. What is more, in Ref. Table I of Ref. ͓9͔, we have identified two more vЈ(JЈ) levels, namely 1(JЈϷ104) and 6(JЈϷ120), excited by the 514.5-nm Ar ϩ -laser line. However, we do not present here the term values of these states since, because of poor accuracy of ground-state term values for large JЈ, the latter was only estimated, and, consequently it was impossible to assign the particular isotopomer. Nevertheless, the respective LIF progressions were involved in the relative intensity distribution analysis.
Intensity distributions. The D 1 ⌸→X 1 ⌺ ϩ relative intensity distributions were measured in the photon-counting regime by detecting LIF spectra from the D 1 ⌸(vЈ,JЈ) levels excited by single-mode Ar ϩ -laser lines. The double monochromator with the slits 0.08-0.10 mm provided 0.3-0.4 Å spectral resolution. In order to avoid the temperature drift and laser excitation condition changing effects, the measurements were performed in a step-by-step regime by alternative returning to the particular fluorescence line of the same progression that served as a reference line. The spectral sensitivity of the registration system was calibrated using a standard tungsten bandlamp with the known spectral irradiance at definite temperature. To avoid the possible influence of the linear polarization of the molecular fluorescence, the polarization vector of the exciting laser beam was directed along the observation direction.
⌳-splitting constants. The experimental ⌳-splitting energy values ⌬ e, f , measured directly by the RF-ODR method ͓17,18͔, are presented in Table I of Ref. ͓9͔ . These values have been used in the present work to extract the ⌳-splitting constants, or q factors. Note that this method yields only the absolute value and not the sign of the q factor.
B. Outline of theory
The present theoretical study of the NaRb molecule is based on the ab initio electronic structure calculations performed by means of the many-body multipartitioning perturbation theory ͑MPPT͒ ͓11,12͔. The transition moments (R), as well as the L-uncoupling matrix elements L ⌸⌺ (R)ϭ͗⌸͉L Ϯ ͉⌺ Ϯ ͘ between the 1 ⌸ state under study and the remote 1 ⌺ Ϯ states were determined via the perturbative spin-free one-electron transition density matrices. The scalar ͑spin-independent͒ relativistic effects have been taken into account by replacing the inner-core shells with the averaged relativistic pseudopotentials ͓21,22͔, leaving nine electrons of each atom for explicit treatment. The performed calculations employ the MPPT to incorporate effective interactions arising from the core-valence correlations and corepolarization effects into the model-space CI ͑valence-shell full CI͒ problem. The completeness of the model space guarantees the size consistency of the derived energies and matrix elements. The spin-orbit ͑SO͒ interaction effects on the electronic properties under study were neglected in the present treatment. The computational details can be found elsewhere ͓9,15͔. The transition moment functions were obtained in the dipole-length approximation; the massdependent L-uncoupling matrix elements were computed separately for the 23 Na 
where ϭ(R) is the shift of the center of mass and
is the difference of the BornOppenheimer potentials. Due to the small shift of the center of mass for two isotopomers, the calculated differences of the isotopic-substituted L-uncoupling matrix elements are obviously expected to be very small. Nevertheless, to test self-consistency of the calculated ab initio U, , and L values, the relation ͑1͒ was applied to evaluate the corresponding ⌸⌺ moments and to compare them with their dipolelength analogs.
The splitting ⌬ e f between e and f components of the initially degenerated 1 ⌸ level is mainly determined by regular electronic-rotational perturbations caused by the remote singlet 1 ⌺ Ϯ states ͓23͔. Under this singlet-singlet approximation, strong J dependence of the ⌬ e f values is usually reduced to the so-called q factors using the expression ⌬ e f
The expression for the q factor is
where M is the reduced molecular mass, and kϭ0 and 1 for the ⌺ ϩ and ⌺ Ϫ states, respectively. The rovibronic term val- 
where S J Ј J Љ is the Hönl-London factor, v max Љ corresponds to the band with the maximum intensity within a given progression, 8 2 /3ប⑀ 0 ϭ2.026ϫ10 Ϫ6 , ⑀ 0 is the permittivity of vacuum, i j is in a.u., and T i j are the rovibronic term values in cm Ϫ1 . The relevant MPPT transition dipole moments were converted into radiative lifetimes vJ ⌸ for the particular rovibronic levels of the B 1 ⌸ and D 1 ⌸ states by applying the approximate sum rule ͓16,24͔, which allows one to avoid tedious summation over vibrational levels of the remote electronic states
⌬U ⌸ j ϭU ⌸ ϪU j being the potential difference between interacting states. Similarly, the L-uncoupling electronic matrix elements L ⌸⌺ were converted into q factors through
The reliability of the sum rules was confirmed numerically by performing the direct summation in Eqs. ͑2͒ and ͑3͒ for the D 1 ⌸ -B 1 ⌸ and B 1 ⌸ -C 1 ⌺ ϩ pairs possessing minimum energy gap at the internuclear distances of interest. The discrepancy between the results obtained directly and their sum rule analogs is found to be less than 0.1% for all rovibronic levels under consideration. The rovibrational wave functions were calculated using the empirical RKR potentials corresponding to the molecular constants from Ref. ͓2͔ for the B 1 ⌸ state and the ones obtained in the present work for the D 1 ⌸ state. The energy differences ⌬U1 ⌸ϪX 1 ⌺ ϩ were evaluated using the corresponding RKR potentials and experimental electronic energies (T e ), while the differences ⌬U1 ⌸ϪA,C,E 1 ⌺ ϩ have been calculated using the present ab initio potentials since the experimental molecular constants for the excited 1 ⌺ ϩ states have not been obtained yet. The infinite summation in expression ͑6͒ over all possible 1 ⌺ Ϯ electronic states, including those embedded into the autoionization continuum, was truncated on the E 1 ⌺ ϩ state since the large potential differences and the factor R Ϫ4 in the right-hand side of Eq. ͑6͒ suppress significantly the contributions from the remaining remote states ͓15͔.
Relative intensity distributions in the LIF progressions are determined by the potential curves of the combining states, as well as by the R dependence of the corresponding transition moment. Therefore, a knowledge of the ab initio i j (R) function and experimental molecular constants for the ground state, along with relevant transition frequency measurements, provides the possibility of applying relative intensity measurements to refine a potential curve for the upper state. Since the number of the D 1 ⌸ state term values experimentally obtained in the present work is definitely insufficient to determine a set of D 1 ⌸ molecular constants of reasonable accuracy, both experimental term values T D 1 ⌸ exp and LIF intensity distributions I DϪX exp were simultaneously embedded in the weighted nonlinear least-square fitting procedure, 
III. RESULTS AND DISCUSSION

A. Electronic structure parameters
Energy curves. The potential-energy curves, see Fig. 1 and Table I , were calculated by the MPPT method for all singlet and triplet states of NaRb converging to the first three nonrelativistic dissociation limits, as well as for the E 1 ⌺ ϩ state converging to the Na(3s)ϩRb(4d) dissociation limit. The computed bonding energies are expected to be slightly overestimated because of basis-set superposition errors, as is mostly pronounced for the a 3 ⌺ state, see Fig. 1 . One should note that these errors arise essentially from the basis-set dependencies of huge intracore correlation energies and thus should not effect the potential difference ⌬U values employed in present calculations. The reliability of the derived curves can be tested by their comparison with the available experimental ͓2,5͔ and preceding ab initio ͓7,25͔ data. Figure  1 and Table II demonstrate that the present potentials are in satisfactory agreement with the empirical RKR curves and the corresponding experimental molecular constants for the Fig. 2 ͑full symbols͒, along with the MPPT ⌸⌺ ϩ( R) functions extracted from the difference of the MPPT L-uncoupling matrix elements for different isotopomers according to Eq. ͑1͒ ͑open symbols͒. As can be seen, except for the small R region, the latter are in good agreement with their ab initio counterparts calculated directly in dipole- length approximation. The divergence of these two approaches in the small R region seems to be attributed to the small values of the ϭ(R) functions in Eq. ͑1͒ that become comparable with the absolute accuracy of the difference in the isotope-substituted L-uncoupling matrix elements at R Ͻ4 Å. As can be seen from Fig. 2, 
B. Lifetime
The radiative lifetime estimates for the B 1 ⌸ and D 1 ⌸ states were obtained by Eq. ͑5͒ accounting for the
ϩ transitions, which were estimated by Eq. ͑1͒ from corresponding isotopic-substituted L-uncoupling matrix elements to the corresponding lifetimes is negligible because of small frequency and probability factors. The calculated vЈ dependences of rovibronic lifetimes vJ ⌸ for the B 1 ⌸ and D 1 ⌸ states are presented in Fig. 4 for JЈϭ1,50, and 100. As can be seen, the vJ ⌸ values demonstrate pronounced sensitivity to vibrational and rotational quantum numbers, thus reflecting the strong R dependences of the A sum (R) operator in Eq. ͑5͒ for both states. Fig. 4 , the agreement between the calculated and the experimental values is quite satisfactory. It seems that the experimental vJ value for the B 1 ⌸ state slightly ͑for ca. 10%͒ exceeds its theoretical estimate, see Fig. 4͑a͒ , while the measured value for the D 1 ⌸ state is somewhat 5% smaller than the theoretical one, see Fig. 4͑b͒ . Note, however, that due to the lack of experimental data it is difficult to make any definite judgment on whether the drawbacks in the calculation or the experimental inaccuracies are responsible for this discrepancy, and it is clear that a more profound experimental study is needed to test the theory.
C. ⌳-doubling constants
Experimental ⌳-doubling constants q exp are presented in Table IV for a number of rovibronic levels of the B 1 ⌸ and D 1 ⌸ states. Only absolute values ͉q exp ͉ can be deduced from the RF-ODR experiment. The errors quoted for q exp are estimated from the statistical uncertainty in the resonance position of the RF-ODR signals. We added to our data for the B 1 ⌸ state the q exp value and sign for the level v(J) ϭ8(15), which we extracted from the high resolution spectroscopy studies reported in Ref. ͓5͔ . Note that, as follows from Ref. ͓5͔, this level is strongly locally perturbed.
Singlet-singlet approximation. The q vJ ⌸ values calculated in the singlet-singlet approximation, see Eqs. ͑2͒ and ͑6͒, are given in Table IV a The q value was obtained with a ''ϩ '' sign from the highresolution spectroscopy data ͓5͔.
They demonstrate pronounced sensitivity to the vibrational and rotational quantum numbers involved. This reflects the strong R dependences of the Q sum (R) operator in Eq. ͑6͒, see Although an admixture of the triplet d 3 ⌸ and e 3 ⌺ ϩ electronic wave functions to the D 1 ⌸ state wave function seems to be of lesser importance than for the B 1 ⌸ state because of much smaller SO effects in the Na(3p) atom as compared to Rb(5p), the local singlet-triplet interaction could be responsible for the relatively small irregular changes of the measured q vJ ⌸ factor, see Table II , while the corresponding RKR potential is depicted in Fig. 1 ͑solid bold line͒. The calculated relative intensity distributions are displayed in Fig. 6 ͑full bars͒. As follows from Fig. 6 , the present experimental and theoretical intensities are in satisfactory agreement, especially for high vibrational levels vЈ. They agree with the preceding intensity distributions measured by Takahashi and Katô ͓6͔, which are also depicted in Fig. 6 ͑striped bars͒ Table V . The maximum deviation between the theoretical and experimental term values has been obtained for the level vЈϭ10,JЈϭ36, which seems to be locally perturbed by the near-lying d 3 ⌸ and/or e 3 ⌺ ϩ state, see Fig. 1 . Note that it is just this level possessing the largest deviation between the observed and calculated q factor, see Table IV .
It is worth mentioning that the refinement of the D 1 ⌸ state molecular constants is achieved mainly through the improvement of the rotational constants. Indeed, the changes in B e are ca. 4%, while e was changed only by ca. 0.3%, see Table II . This can be clearly understood from the fact that the Franck-Condon factors are more sensitive to the variation of the rotational constants than to the vibrational ones.
IV. CONCLUDING REMARKS
The MPPT calculation method previously used to estimate the NaRb permanent electric dipoles ͓9͔ has been successfully applied to evaluate the energy and radiative properties of the NaRb molecule. Further improvement of the theoretical treatment apparently demands an explicit consideration of overall singlet-triplet interactions based on relativistic calculations of the spin-orbit matrix elements ͓28͔. The ab initio calculations required are currently in progress.
The paper demonstrates that in the case when only few experimental term values of the upper state are available, an improvement of the molecular constant set can be achieved by including the relative LIF intensities into the simultaneous fitting routine. The required accurate transition dipole moment functions can be obtained as the ab initio MPPT estimates.
The calculated transition moments (R) and L-uncoupling matrix elements of NaRb are very close to the corresponding (R) and L(R) functions of the NaK molecule ͓14,15͔. The minor changes of v Ј J Ј and q v Ј J Ј in passing from NaK to NaRb can be attributed to the mass dependence, small relative position changes of the interacting electronic states, as well as to the more pronounced SO effects. 
